To identify genes involved in the transformation of thyroid follicular cells, we explored, using DNA oligonucleotide microarrays, the transcriptional response of PC Cl3 rat thyroid epithelial cells to the ectopic expression of the RET/PTC oncogenes. We found that RET/PTC was able to induce the expression of CXCR4, the receptor for the chemokine CXCL12/SDF-1a/b. We observed that CXCR4 expression correlated with the transforming ability of the oncoprotein and depended on the integrity of the RET/PTC-RAS/ERK signaling pathway. We found that CXCR4 was expressed in RET/PTC-positive human thyroid cancer cell lines, but not in normal thyroid cells. Furthermore, we found CXCR4 expression in human thyroid carcinomas, but not in normal thyroid samples by immunohistochemistry. Since CXCR4 has been recently implicated in tumor proliferation, motility and invasiveness, we asked whether treatment with SDF-1a was able to induce a biological response in thyroid cells. We observed that SDF-1a induced S-phase entry and survival of thyroid cells. Invasion through a reconstituted extracellular matrix was also supported by SDF-1a and inhibited by a blocking antibody to CXCR4. Taken together, these results suggest that human thyroid cancers bearing RET/PTC rearrangements may use the CXCR4/ SDF-1a receptor-ligand pathway to proliferate, survive and migrate.
Introduction
Thyroid tumors include a broad variety of lesions with different biological and clinical behavior: benign adenomas and well-differentiated (papillary and follicular), poorly differentiated and undifferentiated (anaplastic) carcinomas (Kroll et al., 2002) . Papillary thyroid carcinomas (PTCs) are the most frequent thyroid tumors. Somatic rearrangements of the RET protooncogene are frequent genetic events in PTCs, ranging from 25 to 40%. Their prevalence is much higher in the PTCs that occurred in children after the nuclear fallout in the Chernobyl area (Nikiforov, 2002) . RET/PTC genes derive from chromosomal rearrangements that juxtapose the TK domain of RET to heterologous genes. RET/PTC1 (H4-RET) and RET/PTC3 (RFG-RET) are the most prevalent variants (Nikiforov, 2002) . When RET/PTC1 or RET/PTC3 are targeted to the thyroid in transgenic mice, animals develop thyroid tumors resembling human thyroid papillary carcinoma (Jhiang et al., 1996; Santoro et al., 1996; Powell et al., 1998; Buckwalter et al., 2002) . Consistent with their role in thyroid carcinogenesis, RET/PTC oncogenes, when ectopically expressed in PC Cl3 rat thyroid epithelial cells, induce morphological transformation, TSH-independent growth and the loss of the differentiated phenotype (Santoro et al., 1993) . Other frequent genetic events in PTCs are activating point mutations of the BRAF serine-threonine kinase . Activating point mutations of RAS are also seen in a small percentage of human PTCs (Namba et al., 1990) . Interestingly, RET, RAS and BRAF signal on the same pathway in thyroid cells and their mutations are mutually exclusive in human PTC samples .
To identify genes involved in RET/PTC-mediated transforming activity, we explored, using DNA oligonucleotide microarray, the transcriptional response of PC Cl3 cells to RET/PTC oncogenes. We identified CXCR4, the receptor for the chemokine SDF-1a, as one of the genes whose expression was upregulated in RET/ PTC-expressing cells and correlated with the transforming ability of RET/PTC. We show that CXCR4 expression depended on tyrosine 1062 of RET, which mediates the activation of the RAS/ERK pathway (Melillo et al., 2001) . Consistent with this, we observed upregulation of CXCR4 also in rat thyroid cell lines transformed by the RAS and the BRAF oncogenes. Human thyroid cancer cell lines derived from either RET/PTC-or BRAF-positive tumors also feature high levels of CXCR4, if compared with primary thyroid cells. Here, we provide evidences that proliferation, survival and migration of thyroid cancer cell lines can be sustained by the CXCR4-SDF-1a receptor-ligand pair.
In conclusion, we suggest that overexpression of CXCR4 is a common event in thyroid tumorigenesis and that this receptor can mediate, upon ligand addition, paracrine signals that promote malignant progression.
Results

RET/PTC oncogenes upregulate the expression of the CXCR4 chemokine receptor
To better understand the molecular mechanisms used by RET/PTC oncogenes to transform thyroid cells, we exploited the rat thyroid epithelial cell line PC Cl3, widely used as a model system for thyroid transformation. In our previous work, we generated and characterized PC Cl3 cell lines expressing the RET/PTC1 oncogene, PC-PTC1 (Santoro et al., 1993) . These cells display a transformed phenotype with altered morphology, loss of differentiation and hormone-independent growth. We performed gene expression profiling of parental and PC-PTC1 cell lines using the rat Affymetrix GeneChip U34 set. Among several genes that were induced upon RET/PTC expression (RM Melillo et al., unpublished data), CXCR4, the receptor for the chemokine CXCL12/SDF-1a/b, showed approximately a threefold increase. RT-PCR experiment on PC-PTC1 and PC-PTC3 cells validated these results; densitometric scanning revealed an induction of approximately fourfold in transformed versus parental cells (Figure 1a ). Western blotting with anti-CXCR4 polyclonal antibodies confirmed the overexpression of CXCR4 in rat transformed thyroid cells (Figure 1b) . To further characterize CXCR4 gene regulation by RET/PTC, we performed RT-PCR experiments on RET/PTC3 mutants, carrying mutations in residues corresponding to Y1015 and Y1062 of wild-type RET. RET/PTC3 Y1015F and RET/PTC3 Y1062F display, respectively, moderately and severely reduced biological activity (Melillo et al., 2001; Knauf et al., 2003) . Here we show that CXCR4 mRNA expression depends on the integrity of Y1062, but not Y1015. Y1062 drives the activation of the RAS/ERKs and it is essential for the transforming ability of RET/PTC oncogenes in thyroid cells (Melillo et al., 2001, Melillo et al., in preparation) . To verify whether CXCR4 expression depends on RAS-BRAF activation, we examined CXCR4 RNA levels in the PCHa RAS (Fusco et al., 1987) and PC-BRAF cell lines, which express, respectively, the oncogenes Ha-RAS V12 and BRAF V599E. Furthermore, we treated RET-PTC3 cells for 12 h with the ERK inhibitor PD98059. We found CXCR4 upregulation in PC-Ha RAS and PC-BRAF cells. CXCR4 was instead downregulated in PC-PTC3 cells treated with PD98059 ( Figure 1c ). These results suggest that CXCR4 can be upregulated by RET/ PTC, RAS and BRAF. They also suggest that PTCdependent CXCR4 upregulation requires the activation of ERKs.
To show that CXCR4 expression depended on RET/ PTC kinase activity, cells were treated with two pharmacological inhibitors of RET: a pyrazolo-pyrimi- (5 mM) and ZD6474 (5 mM), for 72 h. Protein lysates were analysed by immunoblot with anti-CXCR4 antibodies. To confirm the inhibition of RET/PTC1 kinase activity, an immunoblot with antiphospho-Ret Y905-specific antibodies was also performed. (e) PC cells expressing an inducible RET/PTC1 protein were treated with doxycycline. Cells were then harvested at the indicated time points and after doxycycline washout. Protein lysates were analysed by immunoblot with anti-CXCR4 antibodies. To confirm the induction of PTC1, an immunoblot with anti-ret-specific antibodies was also performed CXCR4 is overexpressed in human PTCs MD Castellone et al dine, PP1, and an anilino-quinazoline, ZD6474. We reported that these compounds are able to inhibit RET/ PTC enzymatic activity (Carlomagno et al., 2002a, b) . As shown in Figure 1d , CXCR4 protein levels decreased following treatment with the two inhibitors. The inhibition of RET/PTC kinase activity was monitored with a RET antibody that recognizes the tyrosine residue 905 when phosphorylated.
To further support the hypothesis that CXCR4 expression is directly dependent on RET/PTC, and not a late event that cells select during neoplastic transformation, we used a PC Cl3 cell line in which the expression of RET/PTC1 is under the control of a Teton promoter (Wang et al., 2003) , and can be induced by treatment of cell with doxycycline, a tetracycline analog. As shown in Figure 1e , CXCR4 protein upregulation followed RET/PTC1 expression, and peaked between 24 and 48 h, when RET/PTC1 levels reached a plateau. CXCR4 upregulation was abrogated upon doxycycline washout.
CXCR4 is expressed in human thyroid carcinoma cells and in primary papillary thyroid carcinomas
We then asked whether CXCR4 upregulation was also a feature of human thyroid cancer cells. To this aim, we determined the expression of CXCR4 in a series of cell lines, derived from human PTCs (Cerutti et al., 1996; Ohta et al., 2001; Basolo et al, 2002) compared to a primary thyroid cell culture P5 (Curcio et al., 1994) . These cell lines are characterized by either a RET/PTC1 rearrangement (TPC-1, FB2, BHP2-7, BHP7-13, BHP10-13) or a BRAF V599E mutation (NPA87, BHP5-16, BHP14-9, BHP17-10) Nikiforova et al., 2003; Xu et al., 2003) . According to the concept of a common signaling pathway that involves RET/PTC and BRAF, all the cancer cell lines tested, but not the normal thyrocytes, express CXCR4 (Figure 2a ). CXCL12/SDF-1a and b are the only physiological ligand so far known for the CXCR4 receptor. They are encoded by a single gene, and derive from an alternative splicing. The two encoded proteins are identical, except for the last four amino acids of SDF-1b, which are absent in SDF-1a. We failed to detect the chemokines in cell culture medium by using an ELISA assay, and we found a very weak expression of the chemokines in both normal and cancer-derived thyroid cells by RT-PCR (not shown). We also tested, by Western blot, CXCR4 expression in a set of primary tumors from PTC patients and a normal thyroid sample. As shown in Figure 2b , PTC samples scored positive for CXCR4 expression. Normal thyroid tissue displayed a lower, but detectable reactivity. This reactivity could be due to follicular thyroid cells, stromal cells or infiltrating lymphocytes. To answer this question and to confirm CXCR4 expression, we tested receptor expression in a set of primary tumors (N ¼ 19) from PTC patients by immunohistochemistry. In most of the samples, we detected immunoreactivity against CXCR4 in epithelial cancer cells (17/19). This reactivity was specific, since it could be displaced with the corresponding immunizing peptide (not shown), and it could not be detected with an isotype control antibody. Tissue samples from normal thyroid scored negative for CXCR4 expression. A representative example of these experiments is shown in Figure 2c .
CXCR4 activates downstream signaling pathways in thyroid cancer cells
To evaluate whether CXCR4 receptor expressed on thyroid cells is functional, we stimulated rat and human Figure 3a and b, the results obtained from PC-PTC1 (Santoro et al. 1993) and FB2 (Basolo et al., 2002) cell lines are shown; similar results were also obtained when PC-PTC3 and TPC1 were used (not shown). Cells were harvested at different time points. Since it has been described that SDF-1a activates the ERK and PI3K/Akt pathways (Zhou et al., 2002) , cell lysates were subjected to Western blot analysis and probed, respectively, with anti-phospho-MAPK and anti-phospho-Akt antibodies. As shown in Figure 3a and b, activation of both p44/42 MAPK and Akt readily occurred in stimulated cells. MAPK activation occurred at 1 min of stimulation and was biphasic in PC-PTC1 and in human FB2 cells (Figure 3a and b) . In contrast, the highest activation of Akt was observed at 30 min in both the cell lines ( Figure  3a and b ). These observations demonstrate that CXCR4 can function in both rat and human thyroid cells as a signaling receptor.
SDF-1a induces S-phase entry and survival of transformed thyroid cells
Since CXCR4 is expressed and functional in thyroid cells, its triggering could contribute to the phenotype of cancer cells. We first asked whether SDF-1a treatment increased the proliferation rate of parental PC and PC-PTC1 cells. To address this point, we measured BrdU incorporation as a readout of DNA synthesis after 24 h treatment with 100 ng/ml of SDF-1a. Figure 4a shows that treatment with SDF-1a caused an increase in BrdU incorporation rate in PC -PTC1 but not in parental cells.
The average results of three independent experiments are reported. To evaluate whether the addition of SDF1a was able to inhibit apoptosis, we measured internucleosomal DNA fragmentation by the TUNEL assay. Cells were subjected to serum starvation or treated with 2 ng/ml vincristine, two potent apoptotic stimuli ( Figure 4b ): both treatments induced apoptosis. The effect of both serum deprivation and vincristine treat- Figure 3 Effects of SDF-1a in cells overexpressing CXCR4. PC RET/PTC1 (a) and FB2 (b) cells were cultured in complete medium, as indicated in Materials and methods, starved for 12 h with the respective serum-free media and then stimulated with 100 ng/ml SDF-1a. Cell lysates were prepared and analysed by Western blot with the anti-phospho-MAPK and the anti-phosphoAkt antibodies. To confirm equal loading of the lysates, blots were also probed with total MAPK and total Akt antibodies Figure 4 Effects of SDF-1a on thyroid cell proliferation and survival. (a) S-phase entry was evaluated by BrdU incorporation and indirect immunofluorescence. PC and PC-PTC1 cells were grown on coverslips, serum deprived and treated with SDF-1a (100 ng/ml) for 48 h. Cells were observed under an epifluorescent microscope to detect BrdU-positive cells. S-phase cells were calculated by counting at least 400 cells in five randomly selected microscopic fields. Results are from three independent experiments. (b) The TUNEL reaction was performed on PC and PC-PTC1 upon 24 h serum deprivation or in complete serum with vincristine, as indicated, in the presence or in the absence of 100 ng/ml SDF-1a. Cells were observed under an epifluorescent microscope to detect TUNELpositive cells (TMR-dUTP, red) and total cells on the glass slide (Hoechst, blue stain). Bars are the mean7s.d. of three assays. Apoptotic cells were calculated by counting at least 400 cells in five randomly selected microscopic fields. (c, d) S-phase entry and survival were analysed in human FB2 cells. SDF-1a increased proliferation and survival also in these cells ment is stronger in PC-PTC1 than in parental cells, due to the ability of RET/PTC oncogenes to induce apoptosis, as previously shown . SDF-1a displayed a strong protective effect in PC-PTC1, but not in parental cells. Apoptosis was measured in five randomly selected microscopic fields; the average results of three experiments are reported in the figure.
To show that SDF-1a induced the same effects also in human cells, we treated FB2 cells with the chemokine and evaluated both proliferative and antiapoptotic effects. As shown in Figure 4c and d, SDF-1a was able to increase BrdU incorporation and inhibit apoptosis also in these cells.
SDF-1a triggers chemotaxis and enhances the invasive behavior of cancer thyroid cell lines
CXCR4 has been recently shown to be involved in migration and extracellular matrix invasion of different cancer cells (Muller et al., 2001; Murphy et al., 2001) . To verify whether thyroid cancer cells also use CXCR4 to migrate in response to SDF-1a, PC, PC-PTC1 and FB2 cells were seeded into the top chamber of transwells, and their ability to invade a reconstituted extracellular matrix (matrigel) was evaluated. Parental PC cells were not responsive to SDF-1a even when exposed to a high concentration of the chemokine (Figure 5a) . A concentration of 100 ng/ml was able to support the invasive ability of PC-PTC1 cells. Even a very low concentration of the factor (2.5 ng/ml) was sufficient to induce matrix invasion of the human FB2 cells (Figure 5c ). The activity of CXCR4 can be inhibited by pertussis toxin, which inactivates the regulatory proteins Gi and Go, by CXCR4-blocking antibodies, or by blocking peptides. One of these peptides, T22, has been shown to inhibit chemotaxis induced by SDF-1a in human cells (Murakami et al., 2002) . We found that the ability to invade matrigel of both rat and human cells was inhibited by each one of these compounds ( Figure 5 ).
The induction of branching morphogenesis in type I collagen gels efficiently reflects invasive and motile properties of malignant cells, also defined as 'invasive growth' (Comoglio and Trusolino, 2002) . Untransformed cells form small and regular nests in collagen gel and they do not proliferate, whereas malignant cells proliferate and form branched colonies with protruding cells, which invade the surrounding matrix (Medico et al., 1996) . We tested the ability of PC, PC-PTC1 cells and human FB2 cell lines to grow in type I collagen gels and the effects of SDF-1a. In cancer, but not in parental cells, SDF-1a supported the formation of irregularly shaped colonies with protruding cells. This phenomenon was inhibited by the addition of a blocking antibody to CXCR4. In the absence of SDF-1a, most cells remained single, with very few cells showing proliferation and scattering ( Figure 6 ).
Discussion
In this report, we show that CXCR4 expression is induced in rat thyroid cell lines that ectopically express the RET/PTC oncoproteins. This result was verified by RT-PCR and Western blot experiments. Using a tetracycline-inducible RET/PTC1, we could confirm that the expression of CXCR4 in thyroid cells depends on the expression of the oncoprotein. We also show that CXCR4 induction depends on a specific tyrosine residue, tyrosine 1062, that is critical in mediating downstream signaling (Asai et al., 1996 demonstrate that the RAS/ERK pathway, which depends on the integrity of tyrosine 1062, is required for CXCR4 mRNA induction in thyroid cells. RET/ PTC oncogenes are able to activate the BRAF isoform of the RAF family of serine-threonine kinases and this activity also requires the integrity of Y1062 (RM Melillo et al., unpublished) . It is interesting to note that PC Cl3 thyroid cells preferentially express the BRAF isozyme (RM Melillo et al., unpublished) , and BRAF-activating mutations are found in a high percentage of human PTCs . Given the foregoing, it is tempting to speculate that CXCR4 expression could depend on the integrity of a RET-PTC/RAS/BRAF/ ERK pathway, and that oncogenic activation of each of these proteins can drive CXCR4 overexpression. Tyrosine 1062 is also implicated in the activation of other pathways. Indeed, oncogenic RET is able to induce NFkappaB activity, and this activity depends on tyrosine 1062 and PI3-K signaling (Hayashi et al., 2000; Ludwig et al., 2001; Russell et al., 2003) . It has been previously shown that CXCR4 expression is regulated by NFkappaB in mammary cell carcinomas (Helbig et al., 2003) . It is possible that RET/PTC oncoproteins can also induce CXCR4 by activating the NF-kappaB pathway. More recently, it has been shown that the hypoxia-inducible factor (HIF) is capable of positively regulating the expression of CXCR4 (Bernards, 2003; Schioppa et al., 2003; Staller et al., 2003) . Upregulation of HIF protein levels in human tumors is a common event, which can be induced by hypoxia and leads to the block of degradation of the HIF1 subunit via the proteasome pathway. Alternatively, growth factor receptor activation, either by ligand triggering or by oncogenic mutations, can upregulate the levels of HIF1 by increasing its synthesis (Bernards, 2003) . It will be interesting to test whether HIF is involved in RET/PTCmediated CXCR4 induction.
SDF-1a/b are ubiquitous chemokines and are the only known ligands for CXCR4. Chemokines are chemoattractant cytokines that play a major role in the recruitment of leukocytes to sites of inflammation. Chemokines are also secreted in the tumor microenvironment by infiltrating inflammatory cells and by tumor cells (Balkwill and Mantovani, 2001; Coussens and Werb, 2002) . These small molecules have been classified into four groups, based on the position of their conserved cysteine residues: CXC, CC, C and CX3C. Most tumors produce CXC and CC chemokines, which interact with seven-transmembrane G-protein-linked receptors, CXCR and CCR, respectively. These receptors mediate several biological activities, such as chemotaxis, cytoskeletal rearrangements and adhesion to specific cells. Binding of chemokines to their receptors triggers a cascade of events including receptor dimerization and tyrosine phosphorylation, recruitment of the heterotrimeric G proteins of the Gai family, activation of the JAK/STAT, PI3-kinase and MAP kinase pathways, and the activation of the Rho family of small G proteins (Rossi and Zlotnik, 2000) . Here we show that in PC-PTC1 cells, SDF-1a stimulation induced MAPK and AKT activation. Consistently, SDF-1a treatment increased the percentage of cells in the S phase, exerted a significant antiapoptotic effect and induced cell motility and invasive capacity. These results imply that SDF-1a in these cells contributes not only to cell growth but also to survival and migration. Stimulation of CXCR4 in PC parental cells is able to stimulate ERK and Akt activation (data not shown), but could not elicit Figure 6 Effects of SDF-1a in thyroid cell spreading in collagen gel. The indicated cell lines were suspended at a concentration of 10 5 cells in collagen gels and allowed to gel for about 15 min at 371C before adding 200 ml of complete medium. Recombinant SDF-1a (Peprotech) was added to the medium to a concentration of 100 ng/ml. Micrographs of representative fields were taken. A representative experiment is shown CXCR4 is overexpressed in human PTCs MD Castellone et al biological events such as cell growth, survival and motility. This is likely due to the lower levels of CXCR4 in PC cells. However, preliminary observations suggest that stimulation of the receptor, even when ectopically overexpressed in PC cells, induces increased adhesion, but does not confer to these cells the ability to migrate and proliferate (MD Castellone and V Guarino, unpublished data), suggesting that other signals are required. We suggest that in PC-PTC cells, RET/PTC and CXCR4 cooperate to trigger biological effects. A similar cooperation has also been observed in small cell lung cancer (SCLC) cells, in which the c-kit tyrosine kinase receptor and CXCR4 are commonly coexpressed (Kijima et al., 2002 ). An alternative explanation to the different activity of the receptor in PC and PC-PTC cells might be a difference in CXCR4 desensitization, possibly due to inhibition of G-protein-coupled receptor kinases (GRKs) (Lorenz et al., 2003) or interference with the b-arrestins activity (Kohout et al., 2001) in RET/PTC-transformed cells.
We found that CXCR4 is expressed and functional in human cell lines derived from papillary thyroid cancers, but not in normal cells. The presence of this receptor has also been confirmed in a set of human PTCs by immunohistochemistry. The expression of CXCR4 in human PTCs is of peculiar interest for several reasons. First, its activity on thyroid tumor cells could contribute to the biological features of the tumor, that is, the ability to grow autonomously, to survive and to invade and metastasize. In a recent report, SDF-1a expression was detected in stromal thyroid fibroblasts, while very low levels were found in thyrocytes and leukocytes (Aust et al., 2001) , suggesting that fibroblasts might be the main source of chemokines. Second, these tumors preferentially metastasize via the lymphatic stream to latero-cervical lymphonodes. It is possible that the preferential localization of PTC metastases depends on the repertoire of chemokine receptors that they express on the cell surface. Indeed, lymphonodes have been described as sites of high production of SDF-1a (Muller et al., 2001) . The expression of RET/PTC itself could induce proinflammatory pathways in thyroid epithelial cells (Russell et al., 2003) . For instance, it has been shown that stimulation of CXCR4 in ovarian cancer leads to the production of other proinflammatory factors, such as TNF-alpha, which, in turn, can act as a growth factor for cancer cells or mediate other phenomena such as recruiting leukocytes to tumor site (Scotton et al., 2002) . In this view, CXCR4 expression can be considered as a factor that enhances the tumor inflammatory infiltrate.
Expression of chemokines and their receptors is not exclusive to thyroid cancer. Other tumors, such as breast, brain, ovarian, prostate, lung cancers, melanomas and lymphomas, express chemokine and chemokine receptors, implicating a general role for this class of molecules in tumor progression and metastasis (Oh et al., 2001; ; Murakami et al., 2002; Scotton et al., 2002; Taichman et al., 2002; Zhou et al., 2002; Barbero et al., 2003; Burger et al., 2003; Kijima et al., 2002; Zeelenberg et al., 2003) . Muller et al. (2001) showed that breast cancer cells expressed CXCR4 and CCR7, and that the migration of these cells toward the sites of metastasis depended on local production of SDF-1a . Indeed, small interfering RNAs and peptide antagonists have been used as breast cancer antimetastatic agents (Chen et al., 2003; Tamamura et al., 2003) . The presence of CXCR4 on thyroid cancer deserves further investigation. Experiments to define the expression and the role of this receptor in other human thyroid malignancies, such as follicular, poorly differentiated and anaplastic tumors, and its potential use as a prognostic factor are under investigation. Finally, CXCR4 or its ligand can be potential targets for therapeutic intervention. Inhibitors of CXCR4 are already available. In particular, the bicyclam AMD3100, a specific antagonist for CXCR4, (Murakami et al., 2002; De Clercq, 2003) , is currently being tested in preclinical studies in human cancers (De Clercq, 2003) . It would be interesting to test whether it is active in human thyroid cancers expressing CXCR4.
Materials and methods
Cell lines and plasmids
PC Cl3 is a differentiated thyroid epithelial cell line derived from 18-month-old Fischer rats. PC Cl3 were maintained in Coon's modified F12 medium supplemented with 5% calf serum and six hormones (6H) (thyrotropin, i.e. TSH, insulin, transferrin, somatostatin, hydrocortisone and glycyl-histidyllysine) (GIBCO-BRL, Paisley, PA, USA) as described . PC-PTC1, PC-PTC3, PC-PTC3 Y1015F and PC-PTC3 Y1062F cells have been described elsewhere . The residues Y1062 and Y1015 correspond to Y588 and Y541 in PTC3. PC Cl3 cells expressing a conditional PTC1 oncogene have been previously described (Wang et al., 2003) . To induce RET/PTC1 expression, cells were cultured in the presence of doxycycline (1 mg/ ml; Sigma Chemical Co.) for the indicated time points. PC-Ha RAS cells, carrying the mutant HaRAS V12 oncogene, have been previously described (Fusco et al., 1987) . PC-BRAF cells were obtained by transfection of the PC cells with the BRAF V599E mutant. The plasmid BRAF, which expresses a myctagged version of the protein, was a kind gift of C Marshall. To obtain the BRAF V599E mutant, site-directed mutagenesis was performed using the QuickChange mutagenesis kit (Stratagene, La Jolla, CA, USA). The mutation was confirmed by DNA sequencing. For transfections of PC Cl3 cells, calcium phosphate precipitates were added to the cells and removed after 1 h. Cells were then subjected to glycerol shock and kept in medium containing 5% calf serum and 6H, as described. After 2 days, G418 was added to a concentration of 400 mg/ml. Cell clones and pools were further expanded, and proteins expression was detected by Western blot analysis with specific antibodies. They were maintained in Coon's modified F12 medium supplemented with 5% calf serum. Human primary cultures of thyroid cells (P5) were obtained from F Curcio and cultured as previously described (Curcio et al., 1994) Human thyroid cancer cell lines TPC-1, FB2, NPA87, BHP2-7, BHP7-13, BHP10-13, BHP5-16, BHP14-9 and BHP17-10 have also been described previously (Cerutti et al., 1996; Ohta et al., 2001; Basolo et al., 2002) , and were maintained in DMEM supplemented with 10% fetal bovine serum, 1% penicillinstreptomycin and 1% glutamine. Treatment of cell cultures with RET TK inhibitors was performed as described by Carlomagno et al. (2002a, b) . PC-PTC3 cells were treated with 35 mM of the ERK inhibitor PD98059 for 12 h (Calbiochem).
RNA extraction
Total RNA from the indicated cell cultures was prepared using the RNeasy Mini Kit (Qiagen, Crawley, West Sussex, UK) and subjected to on-column DNase digestion with the RNase-free DNase set (Qiagen, Crawley, West Sussex, UK) following the manufacturer's instructions. The quality of RNA from each sample was verified by electrophoresis through 1% agarose gel and visualization with ethidium bromide.
Semiquantitative RT-PCR
Transcript levels of the indicated genes were assayed by RT-PCR. A total of 2.5 mg of total RNA was denatured, and cDNA was synthesized using the GeneAmp RNA PCR Core Kit system from Applied Biosystems following the manufacturer's instructions. Subsequent PCR amplification was performed using 2.5 ml of RT product in a reaction volume of 25 ml with primer pairs specific for the gene studied. To exclude DNA contamination, each PCR reaction was also performed on untranscribed RNAs. The levels of the housekeeping b-actin transcript were used as a control for equal RNA loading. Primers were designed according to the program Primer 3 (www-genome.wi.mit.edu/cgi-bin/primer/ primer3_www.cgi), and synthesized by the MWG biotech.
For rat CXCR4 and b-actin, the primers were as follows:
Each RT-PCR product was loaded on 2% agarose gel, stained with ethidium bromide (0.5 mg/ml), and the corresponding image was saved by Typhoon 8600 laser scanning system (Amersham Pharmacia Biotech). The density and width of each band were quantified using IMAGEQUANT 5.0 (Molecular Dynamics).
TUNEL assay
For the terminal desoxynucleotidyl transferase-mediated desoxyuridine triphosphate nick end-labeling (TUNEL), an equal number (5 Â 10 3 ) of cells from the different lines was seeded onto single-well Costar glass slides. After 48 h serum deprivation in the presence or in the absence of SDF-1a (100 ng/ml, Peprotech) and vincristine (2 ng/ml, Sigma), cells were fixed in 4% (w/v) paraformaldehyde and then they were permeabilized by the addition of 0.1% Triton X-100/0.1% sodium citrate. Slides were rinsed twice with PBS, air-dried and subjected to the TUNEL reaction (Boehringer, Mannheim). All coverslips were counterstained in PBS containing Hoechst 33258 (final concentration, 1 mg/ml; Sigma Chemical Co.), rinsed in water and mounted in Moviol on glass slides. The fluorescent signal was visualized with an epifluorescent microscope (Axiovert 2, Zeiss) (equipped with a Â 100 objective) interfaced with the image analyser software KS300 (Zeiss).
S-phase entry
S-phase entry was evaluated by BrdU incorporation and indirect immunofluorescence. Cells were grown on coverslips, serum deprived and treated with SDF-1a (100 ng/ml) for 48 h. BrdU was added at a concentration of 10 mM for the last 2 h. Subsequently, cells were fixed in 3% paraformaldehyde and permeabilized with 0.2% Triton X-100. BrdU-positive cells were revealed with Texas-red-conjugated secondary antibodies (Jackson Immuno Research Laboratories Inc., Philadelphia, PA, PA). Cell nuclei were identified by Hoechst staining. Fluorescence was visualized with a Zeiss 140 epifluorescent microscope.
Protein studies
Immunoblotting experiments were performed according to standard procedures. Briefly, cells were harvested in lysis buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EGTA, 1.5 mM MgCl2, 10 mM NaF, 10 mM sodium pyrophosphate, 1 mM Na 3 VO 4 , 10mg of aprotinin/ml, 10 mg of leupeptin/ml) and clarified by centrifugation at 10 000 g. For protein extraction from human tissues, samples were snap-frozen and immediately homogenized in lysis buffer using the Mixer Mill apparatus (Qiagen). Protein concentration was estimated using a modified Bradford assay (Bio-Rad, Munich, Germany). Antigens were revealed by an enhanced chemiluminescence detection kit (ECL, Amersham, Bucks., England). Anti-CXCR4 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and from Abcam Ltd (Cambridge, UK). Blocking anti-CXCR4 antibodies were from R&D and from Santa Cruz Biotechnology. Antiphospho-p44/42 MAPK and anti-p44/42 MAPK, anti-phospho-Akt and anti-Akt antibodies were from New England Biolabs (Beverly, MA, USA). Anti-tubulin were from Sigma, and secondary anti-mouse and anti-rabbit antibodies coupled to horseradish peroxidase were from Bio-Rad Inc.
Chemoinvasion and morphogenic assays
Cell invasion was examined using a reconstituted extracellular matrix (Matrigel, Beckman Coulter Labware). Briefly, 40 ml of the extracellular matrix was placed into the top chamber of Transwells. After 2 h incubation at 371C, cells (1 Â 10 5 cells/ well) were seeded in the upper chamber in serum-free medium. Recombinant SDF-1a (Peprotech), at the indicated concentrations, was added to lower chamber. For CXCR4 inhibition, cells were preincubated with the blocking antibody (1 mg/ml, R&D for human cells and Santa Cruz Biotechnology for rat cells), pertussis toxin (0.1 mg/ml, Calbiochem) or the blocking peptide T22 (1 mM, Synpep corporation). The chamber was incubated for 24-30 h at 371C in 5% CO 2 and filters were processed and analysed as described (Medico et al., 1996) . Invasion was quantified by the intensity of the spot. These experiments were performed in triplicate.
Morphogenic response of thyroid cells to SDF-1a was evaluated by collagen gel cultures as described previously by Medico et al. (2001) . Briefly, cells were harvested from cultures using trypsin-EDTA and suspended at a concentration of 10 5 cells/ml in collagen solution containing type I collagen (3 mg/ml; Collaborative Biomedical Products; Becton Dickinson Labware), 10 Â DMEM and 0.5 M Hepes pH 7.4. Aliquots (100 ml) of the cell suspension were dispensed in microtiter 96-well plates and allowed to gel for about 15 min at 371C before adding 200 ml of complete medium. Recombinant SDF-1a (Peprotech) was added to the medium to a concentration of 100 ng/ml. The medium was changed every 2 days. The morphogenic response was evaluated after 7 days in the presence of SDF-1a or vehicle alone. These experiments were performed in triplicate.
Immunohistochemistry
Tissue samples were formalin fixed, paraffin embedded and stained with hematoxylin and eosin. For immunohistochem-istry, paraffin sections (3-5 mm) were dewaxed in xylene, dehydrated through graded alcohols and blocked with 5% nonimmune mouse serum in PBS with 0.05% sodium azide for 5 min. Mouse monoclonal antibody against CXCR4 (clone 12G5; R&D) was added at 1 : 1000 dilution for 15 min. After incubation with biotinylated anti-mouse secondary antibody for 15 min followed by streptavidin-biotin complex for 15 min (Catalyzed Signal Amplification System; DAKO, Copenhagen, Denmark), sections were developed for 5 min with 0.05% 3,3 0 -diaminobenzidine tetrahydrochloride, 0.01% hydrogen peroxide in 0.05 M Tris-HCl buffer pH 7.6, counterstained with hematoxylin, dehydrated and mounted.
